Background: Small renal masses are being commonly diagnosed incidentally in older patients. A partial nephrectomy is the first-line nephron
Introduction
In 2007 in the United States, an estimated 51, 190 new cases of renal cell carcinoma (RCC) will be diagnosed and 12,890 people will die of RCC. 1 RCC represents 2% of all cancers worldwide. 2 For small (<4 cm) localized renal masses, partial nephrectomy provides excellent oncologic outcomes similar to those achieved with radical nephrectomy. 3, 4 However, partial nephrectomy may not be suitable for patients with increased surgical morbidity or multiple recurrent tumors. For select patients, cryoablation has emerged as an alternative surgical option with encouraging results.
The widespread use of computed tomography (CT) scans and abdominal ultrasonography has contributed to an increased incidence of RCC, mostly in patients 70 to 90 years of age. 5 As a result, the majority of RCCs are diagnosed incidentally during investigation of unrelated complaints. 6, 7 Incidentally detected lesions typically are at a low stage with an excellent prognosis. [8] [9] [10] As a result, according to the SEER (Surveillance, Epidemiology, and End Results) database over the last 18 years, renal tumor size at presentation has steadily and consistently decreased. 11 As tumor size has declined at the time of presentation, the methods and techniques for management of these lesions have shifted toward a nephron-sparing surgical approach and more so in urban, high-volume teaching centers. 12 
Treatment of Small Renal Masses Observation
Depending on the specific clinical situation,observation may be a viable treatment option. It has long been known that small, incidentally discovered, well-marginated renal masses are slow growing and have low metastatic potential. 13, 14 Furthermore, up to 23% of these incidentally discovered masses are benign. 4 Women are almost twice as likely as men to have a benign lesion. 15 Current radiological imaging is unable to differentiate benign from malignant renal neoplasms, and renal mass biopsy does not offer sufficient accuracy to diagnose small renal masses. 16 Therefore, the natural history of small renal lesions and the likelihood of a benign lesion are the guiding principles of observation.
In a retrospective review of 29 consecutive elderly patients with contrast-enhancing renal masses smaller than 3.5 cm and suggestive of cancer, Wehle et al 17 demonstrated that these lesions can be safely managed with watchful waiting and serial CT scans. During a mean follow-up period of 32 months, 4 patients underwent surgery. In 3 of these 4 patients, histological findings were consistent with RCC. There was no evidence of metastases in any of the patients. Clinical and radiological observation can be considered in a wellinformed patient with significant comorbidities and a limited life expectancy.
Surgery
For lesions smaller than 4 cm, long-term oncological outcomes with nephron-sparing surgery are equivalent to those with radical nephrectomy. 3, 4 Moreover, nephron-sparing surgery results in a lower risk of renal failure, 18, 19 and health-related quality of life measures have been found to be higher in patients who have preserved renal parenchyma independent of postoperative renal function. 20 A recent study showed that 26% of patients with a solitary, small, renal cortical tumor (<4 cm) and two normally functioning kidneys have preexisting chronic kidney disease (glomerular filtration rate <60 mL/min), and the onset of chronic kidney disease was greater in patients who had a radical nephrectomy. 21 As such, a partial nephrectomy is the first-line treatment option for these lesions. However, partial nephrectomy, whether open or laparoscopic, may not be the best option for all patients, especially elderly patients with significant comorbidities.
Concomitantly with the change in presentation of renal masses is a paradigm shift in the management of localized small renal lesions. Specifically, minimally invasive options such as cryoablation or procedures with limited morbidity are being investigated in patient populations in which invasive nephron-sparing surgery, whether laparoscopic or open, is not appropriate for the patient or surgeon. The potential complications of nephron-sparing kidney surgery make renal cryoablation an appealing option in high-risk surgical populations. Absolute contraindications to renal cryotherapy are patients who have a history of coagulopathy or who are receiving anticoagulation therapy and are unable to stop treatment. Cryoablation of renal lesions has been practiced for over 40 years, 22, 23 but recent advancements in cryoprobe technology have made cryoablation more applicable.
Renal Cryoablation
Renal cryoablation can be delivered using an open, laparoscopic, or percutaneous surgical approach. Following renal mass biopsy, single or multiple cryoprobes of varying diameter are placed into a renal lesion based on tumor size and shape. Cryoprobes can achieve tissue temperatures as low as -160°C within a few minutes utilizing the Joule-Thompson effect with circulating high pressure argon gas. Based on animal data, the cryoprobes are configured to develop an ice zone to freeze the renal mass with a minimum temperature of -19.4°C or lower in order for complete homogenous renal tissue necrosis. 24 A double freeze-thaw cycle is favored based on previous data that showed consistently larger areas of necrosis when compared to a single freeze-thaw cycle. 25 Also, it is necessary to extend the ice ball by a minimum of 3.1 mm beyond the edge of the tumor in order to achieve a target temperature of less than -20°C to 40°C at the tumor margin. 26 To ensure adequate kill temperatures at the periphery of the mass, the ice ball is extended 0.5 cm beyond the tumor edge. As such, the maximum diameter of the ice ball is at least 1 cm larger than the tumor diameter. Furthermore, the ice ball created by the cryoprobes can be monitored in real-time by ultrasound, CT, or magnetic resonance imaging (MRI) to ensure that the ice ball incorporates the intended area of treatment. The resultant cryoinjury is based on the size of the cryoprobe, the total freezing time, and the number of freeze-thaw cycles.
Cryobiology and Tissue Interactions
Cryoablation produces predictable cell death by a variety of mechanisms. Cellular factors include direct cellular injury, intracellular ice formation, and cellular membrane rupture. One purported mechanism involves initial freezing of the extracellular fluid compartment that in turn causes osmotic dehydration of the intracellular fluid compartment. 27 The shift in fluid concentration creates a high concentration of solutes within the cells that is believed to cause cellular membrane injury and damage to the enzymatic activity of the cell. In addition, the cytosol super-cools and forms intracellular ice crystals that lead to further damage of the intracellular membranes. 28 Damage from solute effect occurs at low cooling temperatures when the cell dehydrates, and intracellular damage occurs at high cooling temperatures when the water is trapped inside the cells. 26 Secondary changes from freezing involve destruction of the microcirculation 29 and subsequent cellular hypoxia and necrosis from vascular stasis. 30 Additionally, cellular apoptosis occurs throughout the renal lesion, particularly at the periphery of the renal mass.
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Clinical Applications of Cryoablation
Even though cryotherapy has been available for many years, it has only recently been significantly applied and critically examined. Cryoablation can be applied via a laparoscopic, percutaneous, or open surgical approach with various modalities for image guidance (Table 1) .
Laparoscopic Approach
Davol et al 32 reviewed their experience with 5-year clinical follow-up on 48 patients who were treated with either open or laparoscopic renal cryoablation. The median tumor size was 2.6 cm (range 1.1 to 4.6 cm). Although the failure rate after the initial treatment was 12.5%, following retreatment the cohort achieved a cancer-free survival rate of 97.5%. The cancer-free survival rate after a single cryoablation was 87.5%, with an overall cancer-specific survival rate of 100%. This series highlights the fact that a successful cryoablation treatment might include several treatment sessions, and patients should be advised accordingly (Fig 1) .
In a study from Italy, Cestari et al 33 presented the results of 70 patients who underwent laparoscopic renal cryoablation with a mean lesion diameter of 2.37 cm (range 1 to 6 cm). All procedures were performed laparoscopically except one case that was converted to open surgery. A total of 42 patients were treated transperitoneally and 28 patients were treated retroperitoneoscopically. Interval radiologic reduction in the diameter of the cryolesions was reported in all patients, and a visible renal scar appeared after 24 months. The authors concluded that their results were encouraging and further studies with longer follow-up are required to critically assess cryoablation as a form of treatment for small RCCs. Fig 1. -Laparoscopic cryoablation of a left anterior renal lesion (background) and lateral renal lesion (foreground). One cryoprobe was used in the smaller anterior lesion while two cryoprobes were placed to ablate the entire lateral renal lesion.
Gill et al 34 reported the intermediate outcome (with a minimum of 3 years of follow-up) of cryoablation on 56 patients undergoing laparoscopic renal cryoablation. The mean tumor size was 2.3 cm (range 1 to 5 cm), and the mean cryolesion created was 3.6 cm. Depending on tumor location, the transperitoneal approach was used in 25% of the patients and the retroperitoneal approach in 75% of the patients. At 3 years of follow-up, 17 cryolesions (38%) had completely disappeared on follow-up MRI, and the average cryolesion size reduction was 75%. Postoperative needle biopsy found local renal tumor recurrence in 2 patients. In a recent update of this series, Hegarty et al 35 presented data on 60 patients with a median follow-up of 72 months and reported overall and cancer-specific 5-year survival rates of 82% and 100%, respectively. Three patients (6.7%) developed local tumor recurrence. The results of this study indicate that local recurrence rates are low and 5-year cancer specific-survival rates are excellent.
Percutaneous Approach
Percutaneous cryoablation represents the least invasive method of cryoablation. Typically, percutaneous cryotherapy is reserved for small posterior lesions that are reachable by an unimpeded tract from the skin surface to the renal lesion. Under real-time image guidance and with the patient usually under conscious sedation, local anesthesia cryoprobes are inserted percutaneously into the renal lesion. MRI or CT scans allow the surgeon to confirm the position of the cryoprobes and monitor the ice ball in real time. Invasive MRI systems are not as readily available as CT scanners in most medical centers; however, MRI has the added benefit of decreased radiation exposure to the patient and physician.
Gupta et al 36 reported CT-guided percutaneous cryoablation in 27 renal tumors with a mean tumor diameter of 2.4 cm in 20 patients under conscious sedation. The procedure was successful in all patients, with each ice ball exceeding the tumor renal diameter in all three planes. Although mean imaging follow-up was short (5.9 months), 15 of the 16 cryoablated lesions showed no signs of enhancement on follow-up. The one tumor with residual enhancement occurred in a patient with a 4.6-cm tumor (Fig 2) .
Using an open MRI system in 23 patients, Silverman et al 37 reported on 26 renal tumors with a mean diameter range of 2.6 cm (range 1 to 4.6 cm). Twentyfour out of the 26 renal tumors were successfully treated under general anesthesia. All but two tumors were completely ablated, and one other tumor required a repeat treatment. Both incomplete treatments involved the first 2 patients in the study and their lesions were 2.0 cm. The authors noted that intraprocedure CT fluoroscopy appears promising in ablating renal tumors in one session.
Sewell and Shingleton 38 reported their results with MRI-guided percutaneous cryoablation in 103 patients with 120 individually treated tumors. According to their results, 72 tumors were completely ablated with a single procedure, 15 patients with 18 tumors required a second cryoablation procedure, 2 patients with 4 tumors required a third cryoablation procedure, and 3 patients with 11 tumors required a fourth cryoablation procedure. Ten patients had residual disease or recurrence at the time of death (10 patients died but only 3 of the 10 deaths were disease-related). The overall patient survival rate was 90.2%, with the disease-specific survival rate being 97%. Percutaneous MRI-guided cryoablation appears to be an effective method of treatment in experienced hands. The authors reported that an exophytic location of the renal mass was the most favored location, followed by parenchymal tumors and finally lesions abutting the collecting system. Additionally, tumor diameter was an excellent predictor of success. Tumors that were <25 mm tended to be ablated successfully with a single treatment session, while tumors >40 mm typically required more than one treatment session. These are important findings when counseling patients on the likelihood of additional renal ablations. 
Morbidity of Cryoablation
Surgical ablation of renal tumors appears to be a relatively safe treatment option. In a multi-institutional retrospective series of 271 ablative cases, the reported major complication rate was l.8% with 1 death (aspiration pneumonia) that was not directly attributable to the ablation technique. 39 The cryoablative group of 132 cases reported two major complications: a significant hemorrhage requiring blood transfusion following percutaneous cryoablation and an open conversion due to inability to access the tumor laparoscopically. The most common complication was pain or paraesthesia at the probe insertion site. More than half of the complications in this study occurred in the first third of the procedures performed, indicating a possible learning curve associated with this new technology. Overall, an ablative procedure appears to be associated with minimal complications, and it may be a safer alternative to partial nephrectomy in patients necessitating nephron-sparing surgery but with multiple comorbidities.
Another concern with cryoablation of the kidney is when cryoinjury predisposes the kidney to further loss of renal function secondary to kidney necrosis and scarring. In a retrospective review with a mean follow-up of 20.6 months, Carvalhal et al 40 reported no significant differences in preoperative and postoperative creatinine level, blood pressure, or estimated creatinine clearance. Furthermore, in the reported series of patients with solitary kidneys, serum creatinine and blood pressure were unchanged after a period of 6 months. It appears that laparoscopic renal cryoablation does not significantly affect renal function or blood pressure.
Treatment of central lesions near the collecting system raises the concern of a urine fistula. Sung et al 41 demonstrated in a porcine model that in the absence of physical puncture of the collecting system with the cryoprobe, cryoinjury to the renal collecting system heals without evidence of urinary leakage. Clinical series in which the ice ball was less than 5 mm from the collecting system did not show any evidence of urinoma. 42 Therefore, a central lesion treated with an ice ball that involves the renal collecting system is relatively safe based on animal and clinical data.
To our knowledge there is no prospective comparison of the perioperative outcomes between the laparoscopic and percutaneous approach to renal cryotherapy. However, when renal cryoablation is compared with open or laparoscopic partial nephrectomy, the risk of hemorrhage, urinary fistula, ureteral injury, or acute renal failure is markedly decreased. The reported complications of the different surgical approaches are compared in Table 2 .
Follow-Up
Given that the renal lesions are treated in situ, a rigorous follow-up protocol is required. At our institute, followup MRI is performed the next day after ablation and then at 3, 6, and 12 months following the procedure and annually thereafter. 43 The cryolesion on follow-up CT or MRI should show no evidence of enhancement, and the ablated tumor should demonstrate stable size or a decrease in size. 44 As the technology evolves,the followup protocols will most likely change.
Other Ablative Modalities
The focus of this review is cryoablation of RCC, which currently has the largest and longest follow-up clinical data available. However, other ablative technologies are being evaluated clinically.
Radiofrequency ablation (RFA) has been used by many groups with promising results, 45, 46 but it has spe- cific disadvantages. During RFA the surgeon is unable to monitor the ablated zone effectively with the currently available technology. Also, the procedure appears not to spare the collecting system, and available follow-up is shorter for RFA than for renal cryoablation. High-intensity focused ultrasound (HIFU), used mostly in Europe and Asia, has been applied in limited studies with inconsistent results. 47 Other ablative techniques under investigation include CyberKnife (Accuray Inc, Sunnyvale, Calif), 48 a frameless, image-guided radiosurgery device that delivers high-dose radiation. Microwave therapy involves the passage of microwave energy from a flexible antennae into the tissue, resulting in coagulative necrosis, 49 and laser thermal ablation applies laser energy to ablate the tumor. 50 
Future Directions Improvements in Image Guidance
Currently, CT and MRI provide excellent visualization of the lesion. However, placement of the cryoprobes relies on the surgeon's experience and clinical judgment in proper probe localization within the renal lesion. To improve accuracy,Wacker et al 51 reported an animal model in which the application of an augmented reality system was used to guide the placement of the renal needle biopsy. An augmented reality system was combined with a 1.5-T closed-bore magnetic resonance imager to navigate a biopsy needle into 50 virtual targets. The biopsy needle was placed within the intended target with a mean error of 1.1 mm ± SD 0.5.
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Navigation-guided technology may potentially improve the accuracy and placement of cryoprobes in the future, specifically in percutaneous applications.
Additionally, others have investigated robotically assisted percutaneous ablation. 52 The combination of robotically assisted and navigation-guided technology could potentially further increase the accuracy of cryoprobe placement.
The use of contrast-enhanced ultrasonography (CEUS) to evaluate renal cryoablation has also been reported. 53 CEUS involves microbubble contrast agents in combination with contrast pulse sequence imaging. This technology allows the surgeon to monitor the perfusion of the ablated area in real time. However, in the United States, the use of microbubble contrast agents is currently limited clinically to cardiac imaging. Further studies are warranted to determine if there is a role for this technology in renal cryoablation.
Adjunctive Chemotherapeutics
Another area of potential improvement in the efficacy of renal cryotherapy includes adjunctive chemotherapeutics. Low-dose chemotherapy combined with cryoablation may promote freezing-induced cell death.
It is theorized that the enhanced cell death is a result of the chemotherapeutic agent initiating apoptosis prior to freezing. 54, 55 A better understanding of cryobiology and the application of chemotherapeutic agents might improve the efficacy of renal cryotherapy in the future.
Conclusions
With recent advances in imaging and probe technology, renal cryotherapy for RCC has evolved as a valid option for treatment of small renal masses in select patients. Available 5-year studies indicate that renal cryoablation is a safe and effective method for nephronsparing treatment of small renal cancers. However, longer-term oncologic data are required before renal cryoablation can be considered as a primary treatment modality for patients with small renal masses.
